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151
First, we describe how motion data were collected and processed for establishing subject-specific 152 musculoskeletal models, i.e. see Data Recording and Processing Section. Second, we describe our proposed 
156
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188
The hand is sensorized with embedded position and force sensors, measuring aperture size, wrist rotation 189 angle and grasping force. The commands to the hand and sensor data from the hand were transmitted through 190 a Bluetooth or TCP/IP connection (100 Hz). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t commands and rotates the prosthesis joints with a velocity profile that is proportional to the decoded joint 222 moment. The prosthesis DOF angular kinematics is directly modulated as a function of the input command 223 amplitude. The prosthesis movement emerging from these commands is fed into the EMG-driven model A c c e p t e d M a n u s c r i p t consent form. Amputation in the TR1 individual was a result of a traumatic injury at year 20 th (Table II) .
191

271
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The second test series verified the system ability to enable controlling WFE and WPS individually, 333 sequentially, as well as simultaneously. Subjects were required to perform a number of reaching tests. Each 334 test required reaching eight targets randomly located on the:
335
• Vertical axis only, i.e. prosthesis WFE DOF myoelectric control.
336
• Horizontal axis only, i.e. prosthesis WPS DOF myoelectric control.
337
• Cartesian space four quadrants using sequential control of prosthesis WFE and WPS DOFs. Importantly, in all the tests, the subjects could activate the DOFs simultaneously, but during horizontal, 341 vertical and sequential task, they were instructed to use a single DOF at a time. The aim of these tests was to 342 assess the selectivity of control and the amount of cross talk between the command signals (unwanted 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t to that of the commercial benchmark.
351
Clothespin Task
352
During the clothespin task subjects wore the prosthesis, which was connected to their forearms. For the 353 able-bodied subjects, the prosthesis was connected to a custom-made splint, which was then strapped to the 354 forearm. For the amputee subject, the prosthesis was mounted to a custom-made socket (as in a real-life 355 application 
362
The second test series was a variation of the first. It involved performing a clothespin task with pins 363 equipped with custom-made contact sensor and an LED. When the pin fully closed, the sensor activated the 364 LED indicating that the exerted grasping force was too high, thereby "breaking" the "object". The goal is to 365 grasp five pins each of which of different stiffness while accurately fine-tuning the grip force in order to 366 always keep it below a predefined threshold. More specifically, the subjects needed to exert enough force to 367 open the pin and remove it from the bar, but at the same time, the force had to be below the "breaking" 368 threshold of the pin. Therefore, each pin corresponded to a target window of grasping force.
370
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The second involved grasping a variety of objects ranging from small size and weight to large size and 387 weight: including an egg and a big bottle (1.5L). This investigated the system robustness in handling heavy 388 objects or preserving precise grip forces while handling delicate objects (i.e. eggs).
389
The third assessed the robustness of the system to EMG movement artefacts. It involved mechanical 390 perturbation in the EMG wired system to induce cable movement. This assessed whether the prosthesis 391 would be inadvertently activated (by movement-induced noise) and whether the user could still actively 392 control the prosthesis during the high noise condition.
393
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Our proposed real-time musculoskeletal model successfully converted EMG signals from eight forearm 423 muscle groups into mechanical forces produced by 12 musculotendon units or MTUs (Table I) and into 424 resulting EMG-dependent joint moments across a large repertoire of wrist-hand movement (Fig. 1A) . EMG-425 driven model-based joint moment estimates were translated into prosthesis control commands (Fig. 1B) , 426 which resulted in the prosthesis moving naturally with no need for explicit angular position control. The 427 prosthesis movement emerging from these commands was directly used to update the kinematic-dependent 428 state in the musculoskeletal model ( Fig 1C) .
429
Results showed that our proposed paradigm enabled accurate and robust control of prosthesis WFE and 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 across all series of tasks. In the reminder of this section the three intact-limbed individuals will be referred to 441 as IL1, IL2, and IL3 respectively. The transradial amputee will be referred to as TR1 as indicated in Table II .
443
Virtual Target Reaching Tasks
444
The virtual target reaching tasks tested whether the proposed framework enabled subjects to control 
455
Section) in order to reach vertically and/or horizontally displayed targets. Importantly, in all three series, the 456 system always allowed simultaneous DOF control, but subjects were instructed to activate the DOFs 457 individually, testing thereby the ability for selective control. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t (sequential) across IL1-3 whereas 2.3\1.6s (individual) and 7.1\5.1s (sequential) for TR1.
465
The fourth series of tests verified the system ability to enable controlling WFE and WPS simultaneously. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t based approach than when using the classic control scheme. Across all subjects, reaching times during 494 extended elbow posture were (median\interquartile range) 3.1\2.2s (model-based) and 7.1\3.8s (classic).
495
During elbow flexed arm posture they were 3.4\3s (model-based) and 6.2\4.9s (classic). Finally, during 
511
The first series of tests (Movie 2, Fig. 8A ) involved picking and placing non-sensorised pins (see
512
Methods Section). Pins were arranged in four triplets of different stiffness as previously reported [44] .
513
Page 20 of 33 AUTHOR SUBMITTED MANUSCRIPT -JNE-102513. R1   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t simultaneously while generating natural motions. This enabled individuals to complete the test with an 515 average speed of 5.24±0.9 pins per minute (ppm) using the proposed model-based framework. In this, the 516 amputee's speed performance (5.5±0.4 ppm) was comparable to that of subject IL1 (5.6±0.7 ppm) and higher 517 than that of subjects IL2 (3.67±0.5 ppm) and IL3 (5.03±0.6 ppm). Each individual completed the test with 518 substantially better performance than when they used the commercially available sequential control scheme 519 based on co-contraction ( Fig. 8A) [9] . For the classic-control scheme, average speed performance was 520 2.3±0.4 ppm and ranged between 1.8±0.1 ppm (subject IL2) and 2.7±0.2 ppm (subject IL3).
521
The second series (Movie 3, Fig. 8B ) involved picking and placing sensorised pins equipped with 522 custom-made contact sensors. The sensor registered when the pin was grasped with force levels beyond 523 predefined thresholds. This was indicated by activating a LED signaling that the subject would have 
535
based framework (Fig. 9 ). In this, the amputee's speed performance (2.25±0.1 ppm) was comparable to that 536 of intact-limbed subject IL2 (2.28±0.2 ppm) IL3 (2.58±0.2 ppm) while IL1 (3.4±0.2 ppm) displayed the best 537 performance. Similarly to the first test, each individual completed the test with better performance than when 538 they used the commercially available sequential control scheme based on co-contraction ( Fig. 9) [9]. For the 539 classic-control scheme, average speed performance was 1.5±0.13 ppm and ranged between 1.3 ppm (subject 540 IL2) and 1.6 ppm (subject TR1).
542
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572
Our proposed neuro-mechanical interface addressed a major limit in current state of the art decoders, i.e.
573
the inability of synthetizing the mechanisms that the neuro-musculo-skeletal system uses to control . Whether joint moments could be reliably decoded from an amputee's residual muscles EMG 592 to robustly control a prosthetic wrist-hand represented an unanswered scientific question that this work 593 directly addressed. In our paradigm, the prosthesis is the physical device that converted EMG-predicted joint  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t procedures, who require regaining control of large sets of skeletal DOFs. Our proposed biomimetic model-602 based approach enables control intuitiveness. In this, subjects do not have to learn to produce a specific 603 EMG pattern for prosthesis control. They only need to move their own biological or phantom limb, whose 604 mechanical function is directly captured by the neuro-mechanical interface and concurrently rendered in the 618 Fig. 3 shows that in some cases, subjects did not reach a given target via a single muscle contraction but 619 rather via a sequence of brief contractions. This resulted in a number of trajectories underling a sequence 620 torque pulses, dictating virtual cursor movement along a straight path with a variable velocity. Future work 621 will assess whether practice will enable subjects to minimize the number of contractions needed to reach a 622 give target. Fig. 4 , shows that certain DOF combinations were achieved via minimally overlapped moment 623 curves. While this is in line with literature studies on natural wrist rotations [54-58], it may also be a 624 consequence of the fact that certain DOF-combinations are more intuitive than others. This may be 625 especially relevant for the amputee subject who performed the tasks with no visual feedback on the 626 prosthesis (please see Movie 1) . Future work will also assess to what extent the lack of intrinsic muscle 627 EMGs may contribute to decoded joint moments across coordinated wrist-hand tasks.
628
Page 24 of 33 AUTHOR SUBMITTED MANUSCRIPT -JNE-102513. R1   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 4-7). Movie 6 demonstrated our system ability to generate no unwanted prosthesis movement when EMG 631 electrode cables underwent mechanically induced movement artefacts. Although this is not representative of 632 commercially available systems schemes (i.e. involving no external cables that could be perturbed), these 633 results show the potential robustness of our system to external movement artefact that may nevertheless 634 come from interaction with the environment. Moreover, it enabled performing highly dynamic motor tasks 635 including manipulating heavy objects (Movie 7).
636
Our system robustness (which was comparable to the most robust benchmark system in the market) 637 derived from the fact that any joint moment estimate must always exist within the musculoskeletal model 
649
Results were obtained on a small number of subjects. Future work will be directed in testing the 650 generalization of the results to a greater population encompassing subjects with different levels of 651 amputations as well as comparison of our methodology with respect to state-of-the-art pattern recognition 652 techniques. Our proposed method demonstrated applicability in amputees who underwent traumatic injuries.
653
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834
EMGs and estimated joint moments (see laptop) and the concurrent control of the ball-shaped cursor for 835 reaching a variety of diagonal targets (see user interface on external screen). Note that the cursor diagonal 836 trajectories directly correspond to the prosthesis simultaneous actuation of WPS and WFE. After every target 837 is successfully reached, the prosthesis automatically resets to its neutral position. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t freedom. The movie also shows amputee's voluntary prosthesis control under noise condition. 862 863 Movie 7. Manipulation of heavy objects. Our proposed system enabling grasping and manipulating heavy 864 objects including a 1.5L water bottle, a task that would be challenging for state of the art non-invasive 865 myoelectric systems.
866
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